Abstract-In this paper, we model a cognitive interference channel with two flows, a primary and a secondary. The primary traffic is bursty which gives rise to idle channel periods in time. The objective for the secondary flow is to utilize the temporal white spaces and to maximize its own rate without adversely affecting the primary flow's SINR beyond a given threshold. The key aspect analyzed in this paper is the lack of knowledge about start and stop times of primary flow's transmissions. We propose a sense-and-send protocol where the secondary senses to detect idle channels and then divide its transmissions into many small bursts (making it paranoid about overlapping on primary's transmissions). Furthermore, since the secondary cannot sense while transmitting (assuming half-duplex radios), it has to reduce its transmission power for each subsequent symbol in each component burst. Thus, the proposed power profile for the secondary is significantly different from that in a regular interference channel, where both flows have the same "status."
I. INTRODUCTION
Cognitive wireless is a novel approach to deploy new wireless services in the presence of legacy devices. Much like any new area, many variations have been proposed and studied in the literature [4] . Some of the earlier work [7] , [6] in opportunistic spectrum allocation for cognitive flows were motivated by studies done by FCC [3] showing vast spectral inefficiencies existing in current systems. Many aspects of cognitive radio have been studied including coding with the knowledge of the primary message at the secondary [1] , [10] , capacity of the secondary flow with causal or non-causal information [5] , stability of the queues at both the flows for maximal secondary rate with a guaranteed primary throughput [8] , spectral shaping [11] etc. The key issue in cognitive systems is the lack of complete information about the current deployments and spectral usage. This lack of knowledge can exist at many time-scales and can be about different operating parameters of the legacy system. In this paper, we consider a class of transmission strategies, where the cognitive flow aims to operate during the silence periods of the primary flow, while causing minimal interference.
We consider the topology in Figure 1 , where the nodes have half duplex radios. The primary transmissions are assumed to be bursty (like communication over a walkie-talkie), which leads to white spaces in time. The channel is characterized by three parameters which change over different time scales. We find no-sensing and genie-aided protocols when different This work was partially supported by NSF Grants CCF-0635331, CNS-0325971 and Texas Instruments Leadership University Funds. sets of parameters are known at the secondary transmitter and show that the greatest gain comes in knowing the start and stop times of the primary transmissions. We propose a sense-and-send protocol where the secondary splits its message into multiple bursts and alternates between sensing and sending at small intervals. The burst size (in time-slots) and power level of each time-slot in a burst is a function of the channel parameters. We show numerically that the solution to the rate-maximization under average power and SINR constraints leads to a decaying power profile for secondary's bursts. That is, the secondary must reduce its power for each subsequent time-slot to accommodate for the increasing probability of primary flow starting its transmission while the secondary was not sensing. We show that for smaller packet arrival rates for the primary or for a loose interference constraint (i.e. primary allows more interference), the secondary is limited by the average power constraint and in such a case the power available to the secondary is distributed in proportion to the average noise seen by the time-slot. However when the rate of the primary's arrival is high (hence fewer temporal opportunities) or the interference constraint is strict, the profile takes an decaying form, where the power of each subsequent secondary's time-slot is significantly reduced. Additionally the number of time-slots in each burst decreases at higher primary arrival rates or tighter interference constraints. We also show that the multi burst strategy outperforms the no-sensing protocols that send at a constant power level.
Instead of sensing to find if the primary is present or not, one can also do "soft sensing" and send packets not only when the channel is idle but continuously as a function of the sensed information [9] . This can be thought of as a mix between our single burst and multi-burst strategies, although [9] has no notion of a power profile for each packet.
The rest of this paper is organized as follows. In Section II, we define the channel model, characterize it by three parameters and derive its basic properties that are used in the problem formulation. In Section III, we find the rates achievable by the no-sensing and genie-aided protocols depending on the knowledge of different parameters of the channel. In Section IV we formulate the sense-and-send protocol and numerically calculate the achievable rate in Section V. Finally we conclude in Section VI. The appendices contain sketches of the proofs.
II. SYSTEM MODEL

A. Cognitive Interference Channel Model
We consider the interference channel shown in Figure 1 , which consists of two flows, Tx1-Rx1 and Tx2-Rx2, with halfduplex radios. The channel inputs and outputs are related as, 2 are the channel outputs and Z 1 , Z 2 are the zero mean, Gaussian noise with variance N 1 , N 2 respectively. The transmission time is assumed to be slotted. Due to the bursty nature of the traffic, the primary flow does not send data continuously and hence is silent in between transmissions. These silence periods are used by the secondary flow to inject its own traffic.
All transmissions by the primary are assumed to be of equal length (M time-slots) and at a constant power level (P 1 ). The secondary has an average power constraint of P 2 . The burstiness in the primary data is modeled by a Poisson packet arrival process with a rate λ. So, the inter-arrival time for the primary packets, t, has an exponential distribution (λe −λt ). The allowable interference of the secondary is modeled by a SINR constraint at the primary receiver characterized by η i.e. SINR R1 ≥ ηSINR 0 , where SINR 0 is the SINR when there is no secondary on the channel. The start and end times for each idle time period is given by T = (t(1), t(2), . . . , t(i), . . .), where t(i) = (t s (i), t f (i)). The three channel parameters (η, λ, T) vary on different scales. The start and end times of the primary packets change with every packet. Hence any estimate of t(i) is not reliable for any future times j = i if the primary transmission times are not correlated. However, the average rate of the packet arrivals changes slower than t and the SINR constraint is the slowest changing parameter of the system.
B. Protocol Classes
In this section we describe five protocol classes. The first three are no-sensing protocols. Each of them are determined by the amount of side information available at the secondary transmitter about the three channel parameters. The first protocol refers to the case when no information is available. The second and third protocols refer to the cases when η and η, λ are known respectively. As these protocols do not estimate the unknown parameters, in these classes, the secondary sends at a constant power determined by the known parameters irrespective of whether the primary is on or not. The fourth class refers to the genie-aided case when all the channel parameters are known perfectly, which is an upper bound for all the other schemes. In this case the secondary sends at two power levels, one when the primary is on and another when the primary is off.
The fifth protocol class we consider is the sense-and-send protocol, where we assume that η and λ are known but our aim is to estimate T by dividing the packet into smaller bursts and alternating between sensing the channel and sending a burst. Each burst has a duration of K time-slots (each of unit time). Each burst uses the same power profile given by P 2 (k), k = 1, . . . , K. Assuming perfect sensing, the secondary spends one time-slot in sensing. Hence it takes N = K + 1 time-slots to send a single burst.
C. Optimization parameters
In this section, we derive the parameters of the optimization problem which form the building blocks for our main results. Considering the case when the cognitive receiver treats the primary transmissions as noise, the effective channel for the no-sensing and genie-aided case, can be modeled as, Y 2 = X 2 + Z 2 , where Z 2 is given by,
In the above equation, p(λ),p(λ) are the fraction of time each channel occurs. For the sense-and-send protocol, the effective channel is also a two-state gaussian channel as above, but the probability weights are different for each time-slot in the burst
As the secondary stops sending if it detects the secondary,
Given that the inter-arrival times for the primary has an exponential distribution and the time is slotted, any packet that arrives between two integer time slots, is sent during the next time slot. Hence the number of time slots (T s ) in an idle time period has a probability given by,
Lemma 1 (Probability of interference): If the primary packet arrival process has a Poisson distribution with rate λ, the probability that the primary packet interferes with the last k time slots of the last secondary burst, is given by,
Remark 1: The probability that the k th time-slot of the last burst interferes with the primary is given by,
Lemma 2 (Average secondary bursts):
If the primary packet arrival process has a Poisson distribution with rate λ, the average number of successful secondary bursts of length K that can be sent during an idle channel is given by 1) For the no-sensing case, the probability weights are
2) For the sense-and-send protocol, the k th time-slot has a two state channel with probability weights,
Remark 3: Note that p k (λ) +p k (λ) = 1, because in the sense-and-send case considered in this paper, the secondary remains silent when it detects the primary.
Proof: See Appendix C.
III. NO-SENSING AND GENIE-AIDED PROTOCOLS
In the no-sensing protocols, the secondary finds the power level(s) depending on the channel parameters known at its transmitter. The secondary does not sense the channel to estimate the unknown parameters.
Theorem 1 (No-sensing and genie-aided protocols):
For the channel model defined in section II characterized by the parameters (η, λ, T), secondary rates that can be achieved depending on which parameters are known at the secondary transmitter are as follows.
1) If there is no information about (η, λ, T), the achievable rate, R
2 = 0. 2) If η is known perfectly, the achievable rate is, R
is known perfectly, the achievable rate is,
where P 2c = min P 2 ,
is known perfectly, the achievable rate is
where P 22 = min
. Proof: See Appendix D. In Case 2, we have to code for the worst rate due to the unavailability of the channel distribution. In Case 3, we code for the average rate. In both these cases, the secondary sends at a constant power P 2c irrespective of whether the primary is sending or not. Case 4 is the genie-aided scenario as the secondary has perfect information about all the parameters of the channel and hence performs waterfilling across the two time-orthogonal states of the channel. The secondary sends at a power level of P 21 when the primary is 'off' and at a power level of P 22 when the primary is 'on'. The rates for a given λ is plotted and compared with the sense-and-send protocol in Section V. It should be noted that the largest gains in the rate come from the knowledge of T. Hence for our sense-andsend protocol we shall assume that η and λ are known at the secondary transmitter and only T is the unknown variable.
IV. SENSE-AND-SEND PROTOCOL
The aim of the sense-and-send protocol is to estimate the start and stop times of the primary packets. To do so, the secondary alternates between sensing the channel and sending its own packets. Since the secondary's radios are half-duplex, sensing takes time away from transmission of data and hence loses spectral efficiency.
The secondary uses Gaussian codewords to code over the same power levels over multiple bursts. This is equivalent to sending K packets interleaved to form multiple bursts. Hence our objective function is given by the rate achieved by the secondary, which is given by,
where C(x) = 1 2 log(1+x) and p k (λ),p k (λ) are the probabilistic weights of the two state channel as seen by the time-slot k derived in Lemma 3.
The loss in primary flow's performance is measured by increase in its SINR. The SINR seen by the primary depends on how many time-slots of the last secondary packet interfere with the primary packet and is given by,
where γ k , α k are given by Lemma 1. The primary SINR is constrained to stay above ηP 1 /N 1 . Finally, the secondary has an average power constraint of P 2 . As a result, the power constraint on each burst is given by P 2 N (1 − e −Nλ ) (see Remark 2). With the above setup, the optimization problem can be described as
and
where
and γ k , α k are given by Lemma 1.
Theorem 2 (Sense-and-send):
The solution to Equation 7 always exists and gives the power profile P 2 (k), 1 ≤ k ≤ K, for the sense-and-send protocol.
Proof: See Appendix E. The start time of an idle channel period is detected by sensing the channel and the uncertainty about the end time is compensated by the decaying power profile. To understand the power profile for the sense-and-send protocol, let us consider a two time-slot burst protocol. The two time-slots of a burst see a different effective two-state channel, one with a lower variance and one with a higher variance. We know that α 1 < α 2 and β 1 > β 2 , hence the first time-slot can support a better average rate than the second time-slot. Hence, the solution to the optimization problem has the property, P 2 (1) > P 2 (2) . A similar argument can be extended to the general case of K time-slots.
V. NUMERICAL RESULTS
We numerically evaluate the solution to the optimization problem given in Equation 7 to get a decaying power profile. Some example profiles are shown in Figure 2 . The SINR constraint η determines how much interference is allowed at the primary (η = 1 means no interference is allowed and η = 0 means there is no SINR constraint). For low values of η, the burst size is large. When η gets closer to one, the size of the burst keeps decreasing to decrease the average overlap during a possible interference. As the later time-slots have a higher probability to interfere with the primary, the power profile becomes more skewed at higher η too. The rate vs η plot is given in Figure 3 . The sense-andsend protocol outperforms the no-sensing protocols that use a single power level. The genie-aided protocol behaves as an outer-bound to the sense-and-send protocol.
Future work can improve on the protocols given above by modifying the following assumptions. The SINR at the receiver of the primary has to be estimated at the transmitter of the secondary and the detection of the primary packets in the presence of the secondary were assumed to be perfect. If the primary receiver is not passive, one way to estimate is to count the number of ACKs [2] . Also the sensing at the secondary was assumed to be perfect which required only one time-slot. Finally, primary packet detection was assumed to be independent of the secondary whereas the presence of the secondary can raise the noise floor thereby making the detection of packets more difficult at the primary receiver. 
VI. CONCLUSIONS
To summarize, this work provides intuition in designing power allocation for cognitive interference channels with unknown parameters which change very fast (T) and how the knowledge of the system parameters (like η, λ) can significantly change the transmission schemes. We analyzed the interference channel with a primary link having bursty data and a secondary link which intelligently injects packets into the temporal white spaces by sending small burst of packets with a power profile matched to the packet arrival rate of the primary. We characterized the channel model by three parameters which changed at different time-scales. Then we solved a rate maximization problem with SINR and average power constraints to derive the sense-and-send protocol. We concentrated on the parameter that changed the fastest, namely the start and end times of a idle channel period. We proved that when the parameters are known perfectly, the biggest gains could come from the knowledge of these starting and ending times among the three channel parameters. The achievability scheme used sensing to estimate the starting times of an idle period. Additionally, the power profile was shown to be decaying through numerical simulations.
APPENDIX A PROOF OF LEMMA 1
The primary packet interferes with the last k time-slots of the last secondary burst if Ts = iN + (N − k), i.e. after i secondary bursts have been sent over the idle channel. Therefore, using Equation 2,
APPENDIX B PROOF OF LEMMA 2
If the number of time-slots in a given idle channel period is Ts = iN +j, for some i, j ≥ 0, j < N, then the secondary can send ps = i successful bursts and pt = i total bursts if j = 0 or pt = i + 1 total bursts otherwise. Note that only the last burst in each idle channel period has a possibility of interfering with the primary. Hence, using Equation 2,
.
Similarly,
APPENDIX C PROOF OF LEMMA 3 1) For the no-sensing protocols, if Ts = i, the idle channel stays for i time-slots and the primary has the channel for M slots.
2) For the sense-and-send protocol, if Ts = iN +j, the secondary can send i bursts where the k th time slot goes through idle channels if 0 < j ≤ k and it can send i+1 bursts where the k th time-slot goes through idle channels if k < j ≤ K. According to the definitions, α k denotes the fraction of k time-slots that interfere with the primary and β k denotes the fraction of k time-slots that go through idle channels. Hence,
When we sum over all i, j we get the results in Lemma 3.
APPENDIX D PROOF OF THEOREM 1
1) The proof follows from the SINR constraint only. If the SINR constraint is unknown, then the secondary has to design its scheme for all possible values of the constraints. As the worst SINR constraint corresponds to η = 1, i.e. the primary doesn't allow any interference from the secondary, then the only feasible power allocation for the secondary packets is zero. 2) When λ is unknown, the distribution of the two-state channel defined in Equation 1 is unknown. Hence the secondary has to code for the worst possible value of λ, i.e. assuming that the primary is "on" all the time (p(λ) = 1). The SINR condition, for this condition is givn by
. This constant power allocation gives a rate of R
2 . 3) When η and λ are both known perfectly, the channel resembles a fading channel with multiple states having a known distribution. As the distribution of the two states is known, using the same power as in the previous case, we can achieve the ergodic rate, R 
This is similar to a water-filling problem with an extra power constraint. Noting that the power constraint is tight at the solution, put P21 =
, which will get rid of the average power constraint. Now, we solve the unconstrained maximization (disregarding the SINR constraint for now) by finding the maximizing points of R 
Now, putting in the SINR constraint and noting that the power allocation cannot be negative we get the solution, P22 = min " "
APPENDIX E PROOF OF THEOREM 2
Note that each of the two sets defined by
, is a closed and bounded set. Hence the intersection is a compact set. Also, the utility function given by Equation 5 is continuous over this constraint set as P2(k) takes continuous values.
Hence by the extreme value theorem, this problem has at least one solution.
